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The terminal dipeptide, D-Ala-D-Ala, of the peptidoglycan precursor UDPMurNAc-pentapetide is a crucial
building block involved in peptidoglycan cross-linking. It is synthesized in the bacterial cytoplasm by the
enzyme D-alanine:D-alanine ligase (Ddl). Structure-based virtual screening of the NCI diversity set of almost
2000 compounds was performed with a DdIB isoform from Escherichia coli using the computational tool
AutoDock 4.0. The 130 best-ranked compounds from this screen were tested in an in vitro assay for their
inhibition of E. coli DdIB. Three compounds were identified that inhibit the enzyme with K; values in
micromolar range. Two of these also have promising antibacterial activities against Gram-positive and Gram-

negative bacteria.

Introduction

The appearance of drug-resistant bacteria is a strong motive
for the development of new antimicrobial agents. A well-
validated target for antibacterial therapy is the system of
enzymes responsible for the construction of peptidoglycan, an
essential component of the bacterial cell wall that provides the
structural integrity that is necessary for bacterial cells to resist
internal osmotic pressure.' In contrast with the extracellular
stages of peptidoglycan biosynthesis, which are inhibited by
p-lactam and glycopeptide antibiotics, the early intracellular
steps of peptidoglycan synthesis have received less attention
as potential drug targets so far. Only two drugs that inhibit
intracellular steps of peptidoglycan synthesis are currently used:
fosfomycin, an inhibitor of MurA ligase, the enzyme that adds
phosphoenolpyruvate on UDP-N-acetylglucosamine in the first
step of its modification into the cell wall precursor UDP-N-
acetylmuramic acid (UDP-MurNAc”), and D-cycloserine, which
inhibits both alanine racemase and D-alanine:D-alanine ligase
(Ddl). Mur ligases, including MurC, MurD, MurE, and MurF,
assemble the final intracellular peptidoglycan precursor UDP-
MurNAc-pentapeptide by the successive addition of L-Ala,
D-Glu, m-Dpm or L-Lys and D-Ala-D-Ala to UDP-MurNAc. Ddl
is responsible for supplying the MurF substrate, D-alanyl-D-
alanine. This terminal dipeptide plays a crucial role in the
assembly of the bacterial cell wall because cross-linking of
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Figure 1. Mechanism of catalysis of DdIB.

peptidoglycan chains occurs between the Cg-e-NHj-group of
meso-diaminopimelic acid (in Gram-negative bacteria) or the
NH, group of pentaglycine (in Gram-positive Staphylococcus)
and the penultimate D-Ala in a second pentapeptide strand. In
both cases, the intrastrand D-Ala-D-Ala bond is broken, and a
new interstrand peptide bond is formed (DAP-e-NH-D-Ala or
(Gly)s-p-Ala).*™>

In Escherichia coli and Salmonella typhimurium, two Ddl
isoforms, DdIA and DdIB exist with similar kinetic character-
istics and substrate specificity. The alignment of the predicted
amino acid sequences of E. coli DAIA and DdIB reveals
approximately 35% identity between both enzymes. Because
both show similar susceptibility to known inhibitors and crystal
structures of only the wild-type E. coli DdIB and its Y216F
mutant derivate have been reported, we focused our attention
on the DdIB isoform.®’

The dimerization of D-alanine begins with an attack on the
first D-alanine by the y-phosphate of adenosine triphosphate
(ATP) to give an acylphosphate (Figure 1). This is condensed
with the second D-alanine amino group, eliminating the phos-
phate and yielding D-alanyl-p-alanine.® To avoid depletion of
L-alanine, which is the biosynthetic precursor of D-alanine, the
Ddl is strongly inhibited by its reaction product D-Ala-D-Ala.'”
Mutation of Ddl leads to the structurally related D-alanyl-D-
lactate ligases (VanA, VanB, VanD) and D-alanyl-D-serine
ligases (VanC, VanE, VanG). Replacement of the terminal
D-Ala-D-Ala dipeptide with either the depsipeptide D-Ala-D-Lac
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Figure 2. Control docking. The enzyme is shown with residues
141—157 and 207—217 omitted for clarity. ADP, POB, and the side
chains of interacting residues are presented as sticks. Mg*" ions are
shown as spheres. The cocrystallized POB, ADP, and Mg*" are green,
and the docked POB in the lowest energy conformation is purple.
Amino acid side chains are color coded by element: C, N, and O are
gray, blue, and red, respectively.

or the dipeptide D-Ala-D-Ser leads to significantly reduced
binding affinity for the glycopeptide antibiotic vancomycin and
thus to vancomycin resistance.''

Few compounds that inhibit Ddl have been described. The
most important inhibitor of DdI is D-cycloserine (Scheme 1,
1), a structural analogue of D-Ala.'*'* Series of phosphinates
(2), phosphonates (3), and phosphonamidates have been devel-
oped as transition-state analogue inhibitors or as analogues of
p-alanyl phosphate.'*~'” It has been shown that transition-state
mimetics can be phosphorylated by Ddl and inhibit the reaction
by tightly binding the enzyme after the phosphorylation step.'*'?
Their antibacterial activities are low, but they allowed the
crystallographic determination of complexes of E. coli DdIB
with ADP/phosphorylated phosphinate and the E. coli Y216F
DdIB mutant with ADP/phosphorylated phosphonate.>**' By
the use of a de novo structure-based molecular design, a
cyclopropane derivative (4) was developed as an inhibitor of
DdIB, and an allosteric inhibitor of DdIB from S. aureus (5)
was discovered by high-throughput screening and was cocrys-
tallized with the enzyme.**** Diazenedicarboxamides (6) were
reported to be potent inhibitors of DAIB from E. coli, and they
also possessed antibacterial activity.?* Recently, protein kinase
inhibitors (7) were also shown to be ATP-competitive inhibitors
of DdIB.”

Faced with a growing need for new and more efficient
antibacterial agents, we chose to take advantage of automated
computational techniques to identify novel DdIB inhibitors as
potential antibacterials. Structure-based virtual screening is
primarily used as a hit-identification tool, but it can also be used
for lead optimization and, when applied to structures such as
cytochrome P450 isoforms, for the analysis of drug metabolism.***’
The aim of structure-based virtual screening is to reduce a large
number of compounds to a smaller subset, which is more likely
to contain biologically active compounds.

Virtual screening applied to the discovery of new enzyme
inhibitors involves docking, computational fitting of structures
of compounds to the active site of an enzyme, and scoring and
ranking of each compound.?® In this study, the AutoDock 4.0
docking program was employed in computation, and the NCI
diversity set served as the compound library. The highest ranked
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compounds were tested for activity in a biochemical assay. Three
structurally diverse compounds were discovered that inhibit
DdIB with K; values in the micromolar range. Two of the
compounds were also shown to possess antibacterial activity
against both Gram-positive and Gram-negative bacteria.

Materials and Methods

Computational Tools. Docking calculations were performed on
100 Intel Xeon processors, part of the CROW (columns and rows
of workstations) Linux cluster at the National Institute of Chemistry,
Ljubljana, Slovenia. Docking of 1990 compounds from the NCI
diversity set took 2 days to complete with AutoDock 4.0. Au-
toDockTools package scripts were used to convert structures of
compounds to AutoDock 4.0 format and to prepare proteins.
AutoDock 4.0 was employed in the generation of grid files and in
automated in silico docking and scoring (virtual screening). All
figures were rendered using PyMOL.*°

National Cancer Institute Diversity Set.>* The National Cancer
Institute (NCI) diversity set is a reduced library of 1990 compounds
selected from the original NCI-3D structural database for their
unique scaffolds. To date, the main use of the NCI Diversity Set
has been in anticancer research.’'*? The compounds are freely
available as solutions in DMSO and are widely distributed to
laboratories engaged in biomedical investigations as a research tool
for various biological testing purposes related to cancer and
opportunistic infections. Each compound in the NCI diversity set
was docked to DdIB using AutoDock 4.0, and this resulted in a
list of structures ranked according to their estimated free energies
of binding.

Structures. We obtained structures of compounds from the NCI
diversity set, which are available online in the AutoDock 3.0 format,
and converted them to the AutoDock 4.0 format by using a script
provided by the AutoDockTools package. From the diversity set
prepared in this way, we deleted the compounds that were not
promising candidates for further drug development (i.e., molecules
containing arsenic, antimony, metals, etc.). We used the compounds’
structures in the tautomeric state provided in the AutoDock-ready
database of the NCI diversity set. This is a standard procedure
employed in docking with AutoDock.**>*

Protein Preparation. The crystal structure of D-alanine:D-alanine
ligase (DdIB) complexed with ADP/phosphorylated D-Ala-D-0-
hydroxybutyrate phosphonate transition-state inhibitor resolved at
2.2 A was retrieved from the Protein Data Bank (PDB code: liov).
The inhibitor, the cofactor ADP, all water molecules, and the three
Mg>" ions cocrystallized at the binding site were removed, leaving
only the residues of the DdIB enzyme. Preparation of the target
protein with the AutoDockTools software involved the addition of
polar hydrogen atoms to the macromolecule, a necessary step for
the correct calculation of partial atomic charges. Gasteiger charges
are calculated for each atom of the macromolecule in AutoDock
4.0 instead of Kollman charges, which were used in the previous
versions of this program. Three-dimensional affinity grids of size
64 x 68 x 94 A with 0.3 A spacing were positioned around the
active site and calculated for each of the following atom types: H,
HD, C, A, N, NA, OA, F, P, SA, S, Cl, Br, and I, representing all
possible atom types present in the NCI diversity set. AutoDock
4.0 distinguishes atoms that can accept hydrogen bonds (NA, OA,
SA) and those unable to do so (N and S). It also distinguishes
hydrogen atoms that can participate in a hydrogen bond (HD) and
non-hydrogen-bonding hydrogen atoms (H). Additionally, an
electrostatic map and a desolvation map were calculated.

Docking Protocol. AutoDock 4.0 was used for the docking
simulation. We employed the Lamarckian genetic algorithm (LGA)
for ligand conformational searching. LGA is a hybrid of a genetic
algorithm and a local search algorithm. This algorithm first builds
a population of individuals (genes), each gene being a different
random conformation of the docked compound. The population
undergoes simulated evolutionary development with processes of
phenotypic mapping, fitness evaluation, natural selection, crossover,
and elitist selection occurring in each generation. The local search
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Scheme 1. Structures and Inhibitory and Antimicrobial Activities of Reported Inhibitors

N-Q \\-LQH COOH
NHo ~
1 2
Ki'3 =22 uM Ki=4um

M
M|C14 =1-32 pg/m| MIC =4-128 Hg/ml

(@]
y . N
N Cl s
/@/ % /©/N\H/N\NJ\H/\(j S5 OH
Fac © o o ’
5 6

Ki =4 uM
MIC not available

no antibacterial activity

S H HoN,
~ N._.OH —COOH
worteS oy,
O O
HOOC
3 4
Ki = 50 uM Ki=12.5 M

MIC not available

Br CN

ZT

N Br
A
ICs0 = 33 uM Ki =185 uM
MIC = 64 ug/ml MIC not available

Table 1. Chemical Structures, Ranking of Hit Compounds, NSC Numbers, AutoDock Scores (Mean Estimated Free Energy of Binding), Calculated

Physicochemical Properties (log P, PSA), Kj, and MIC Values

HZN\\\\

o}
OH O O©OH OH \
8 9 10
MIC (ug/mL)
AutoDock score PQSA E. coli E. coli S. aureus
compd rank NSC no. (kcal/mol) log P (A%? Ki values for DdIB inhibition 1411 SM 1411 8325-4
8 1 86 005 —18.34 0.6+£0.8 204 42 + 5 uM (ATP competitive) <256 <256 256
9 2 130 813 —16.02 47+12 61 218 + 14 uM (ATP noncompetitive) <256 64 32
10 123 176 327 —8.87 3.7+0.6 53 11 £ 1 uM (ATP competitive) 32 8 32

“log P was predicted using online property prediction tool ALOGPS 2.1.%° * Online property prediction tool Molinspiration was used for calculation of

PSA.S!

algorithm then performs energy minimizations on a user-specified
proportion of the population of individuals. Individuals with the
lowest resulting energies are then transferred to the next generation,
and the process is repeated. We set important docking parameters
for the LGA as follows: population size of 150 individuals,
maximum of 4 million energy evaluations, maximum of 27 000
generations, one top individual to survive to the next generation
automatically, mutation rate of 0.02, crossover rate of 0.8, 100
docking runs, and random initial positions and conformations. The
probability of performing a local search on an individual in the
population was set to 0.06, and the maximum number of iterations
per local search was set to 300. The docking jobs, one for each
compound, were distributed to the CROW Linux cluster. Each
docking job produced 100 docked conformations, which were
clustered by the root-mean-square deviation (rmsd), which measured
the difference between the coordinates of their constituent atoms,
so that conformations in each cluster differed by less than 2.0 A.

Materials. The 1990 compounds of the NCI diversity set were
obtained as solutions in DMSO in 96-well microtiter plates from
the National Cancer Institute. A plate contained 80 samples, each
a 10 mM solution in 20 uL of 100% DMSO. Compounds that were
detected as hits after the initial screening were acquired from the
NCI as solid samples. The identities of five hit compounds that
were identified after the initial screening were investigated by mass
spectroscopy, 'H NMR spectroscopy, or both. The "H NMR and
mass spectra were found to be inconsistent with the reported
structures for two of the five compounds. The structures of the
confirmed three hit compounds are shown in Table 1. Elemental
analyses of three hit compounds can be found in the Supporting
Information.

The gene encoding DdIB from E. coli JM109 was amplified by
PCR using the primers DdIBF 5'-ACTGATAAAATCGCGGTC-
CTG-3' and DdIBR 5'-TTAGTCCGCCAGTTCCAGAATTCG-3'.
The resulting product was cloned into pQE-30 UA (Qiagen),
sequenced, and transformed into E. coli BL21. For overexpression,
the resulting strain was grown and lysed as described in the pET
manual (Novagen). The enzyme was purified using a nickel affinity
resin as described by the manufacturer (Novagen).

Enzyme Inhibition. The D-Ala-adding activity of DdIB ligase
was monitored with the colorimetric malachite green method in
which orthophosphate generated during the reaction is measured.
For the initial screening of compounds obtained from the virtual
screening, each compound was tested in duplicate at a concentration
of 250 uM for its ability to inhibit DdIB activity. Assays were
performed at 37 °C in a mixture (final volume: 50 uL) containing
50 mM Hepes (pH 8.0), 3.25 mM MgCl,, 6.5 mM (NH,4),SO4, 700
uM D-Ala, 500 uM ATP, purified DdIB (diluted in 50 mM Hepes
(pH 7.2), and 1 mM dithiothreitol), and the test compound. All
compounds were soluble in the assay mixture containing 5%
DMSO. After 30 min of incubation, 100 4L of Biomol reagent
was added, and absorbance was read at 650 nm after 5 min. To
exclude possible nonspecific (promiscuous) inhibitors, all com-
pounds were also tested in the presence of Triton X-114 (0.005%).>
For compounds that showed significant inhibitory activity with
respect to a similar assay without the inhibitor, K; values were
determined. K; determinations were performed under similar
conditions using D-Ala (10 mM), ATP (100, 200, 300, and 500
uM), and inhibitor (25, 50, 100, 250, and 500 M) with 20 min of
incubation at 37 °C. Additionally, we performed a study for possible
time-dependent inhibition of our three hit compounds. Each
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Figure 3. (a) Crystallographic conformation of the DdIB active site including bound substrate, cofactor, and metal ions and low-energy conformations
of (b) 8, (¢) 9, and (d) 10 docked in the DdIB active site. The enzyme is shown with residues 141—157 and 207—217 omitted for clarity. The
inhibitors, ADP, POB, and the side chains of interacting residues are represented as sticks and are color coded by element: side chain C, other C,
N, O, CI, and P are gray, green, blue, red, lime green and orange, respectively. Hydrogen bonds are represented as blue dashed lines. Mg*" ions

are purple.

compound, at a 250 4M final concentration, was preincubated with
the enzyme for 15 min before the reaction was initiated with the
addition of substrates (the same final concentrations as those
described for the initial screening). After 20 min of incubation at
37 °C, the reaction was terminated in the usual manner with the
addition of Biomol reagent. By comparing RA% values in a similar
assay with no preincubation, we were able to conclude that
inhibitors do not act in a time-dependent manner.

Microbiological Evaluation. Minimal inhibitory concentrations
(MICs) of compounds were determined by broth microdilution in
IsoSensitest broth (Oxoid) using an inoculum of 10* cells per mL
for E. coli or 10° cells per mL for S. aureus. The potential
antimicrobial agents were prepared in a two-fold dilution series in
50% dimethyl sulfoxide (Sigma-Aldrich). Microwell plates with
96 wells (Nunc, Fisher Scientific), each containing a potential
antimicrobial agent and a bacterial suspension, were incubated for
16 h at 37 °C in a Spectramax 384 plus microwell plate reader
(Molecular Devices) running the SOFTmax PRO 3.1.1 software.
Readings of optical density at 600 nm were made at 10 min
intervals. Plates were shaken for 60 s before each reading. The
MIC was taken as the lowest concentration of potential antimicrobial
agent that prevented the growth of bacteria in a well.

Results and Discussion

Characteristics of the DdIB Active Site. For the docking
of the NCI diversity set, we used the crystal structure of

D-alanyl-D-alanine ligase from E. coli DdIB complexed with
an ADP/phosphorylated D-Ala-D-a-hydroxybutyrate phospho-
nate transition-state inhibitor (POB), as shown in Figure 3a. In
this cocrystal structure, several amino acid residues interact with
the inhibitor and cofactor. An important electrostatic bond exists
between the a-amino group of the N-terminal D-alanine and
the carboxylic group of the Glul5 side chain. The terminal
COOH group of POB interacts with Ser281 and the backbone
amide of Leu282. The oxygen atom of the phosphoryl bond
forms two weak hydrogen bonds with the backbone NH group
of Gly276 and the amino group of Arg255. The side chain of
the C-terminal D-alanine participates in hydrophobic interactions
with Tyr210, Lys215, and Tyr216. Three Mg" ions are present
in the crystal structure of the complex, but only two of them
are important for bridge formation between ADP and the
phosphorylated phosphonate inhibitor. The a- and S-phosphate
groups of ADP form electrostatic links with Lys97, Lys144,
and Lys215 as well as a hydrogen bond with the backbone NH
of Ser151. The adenine ring of ADP binds into the hydrophobic
pocket formed by Ile142, Trp182, and Met259, and strong
hydrogen bonds further link the ribose ring with Glu187.

Docking Algorithm. AutoDock is used to perform the
computational molecular docking of small molecules to proteins
by treating the ligand as being conformationally flexible.



Downloaded by UNIV OF TEXAS AUSTIN on September 8, 2009 | http://pubs.acs.org
Publication Date (Web): November 14, 2008 | doi: 10.1021/jm800726b

7446 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 23

AutoDock 4.0 has a free-energy scoring function based on a
linear regression analysis of a set of diverse protein—ligand
complexes with known inhibition constants. This scoring
function uses the AMBER force field to estimate the free energy
of binding of a ligand to its target. A hybrid global—local
evolutionary algorithm is used to search the phase space of the
ligand—macromolecule system.

Control Docking. As a test of the docking algorithm’s ability
to reproduce the cocrystallized pose of the inhibitor POB, we
first docked the inhibitor to the active site of DdIB, from which
all ligands have been removed. The docking positions belonging
to the lowest energy cluster (the pose was found 11 times out
of 100 runs and lowest docked energy was —7.49 kcal/mol)
corresponded well to the pose of the cocrystallized inhibitor,
with an rmsd of 1.4 A (Figure 2). The rms deviation of the
conformations in the largest cluster (53 similar poses were found
in 100 runs) from the cocrystallized inhibitor conformation was
8.2 A. This was the cluster with the fourth lowest docked energy
(—4.38 kcal/mol).

Inhibitors from the National Cancer Institute Diversity
Set. In a preliminary docking study of DdIB with Mg>" ions
present in the active site, we observed that the steric obstructions
imposed by these ions prevent most of the compounds from
the NCI diversity set from successfully fitting into the binding
cavity. The enzyme’s three Mg>" ions are located between the
substrate and the ADP binding site and divide the binding cavity
into two smaller unconnected cavities, which are unable to
accommodate larger compounds. ADP itself also hinders access
to the catalytic site, so we elected to remove it and the Mg+
ions from the binding cavity prior to docking. The NCI diversity
set was thus docked to the DdIB active site from which all
ligands had been removed. Some subsequently identified active
compounds docked into the empty enzyme are sterically bulky,
for example, compounds 9 (NSC130813) and 10 (NSC176327),
and would not dock to the enzyme with either Mg>" or ADP
present. Docking results were obtained as a ranked list of
structures on the basis of their mean estimated binding free
energies. The rank of each compound was determined by the
calculated average binding free energy of the most populated
cluster. This differs from the ranking strategy employed by other
authors, where the estimated free energy of binding of the lowest
energy conformation was used to rank compounds. We used
this alternative approach because the most populated cluster of
conformations more reliably represents an actual pose that a
compound may occupy in the binding cavity. Ranking by the
lowest docked energy can favor unreliable single-member
clusters that are prone to disappear if the docking parameters
are modified. The mean energy of the largest cluster is less
sensitive to changes in docking parameters, which results in a
more stable ranking. Several studies show that in docking
calculations the most populated clusters of the docked ligand
conformations are better predictors of the native state than the
usual approach of selecting the lowest free-energy cluster.>®~>°
A study conducted with the participation of the authors of
AutoDock showed that the predicted binding energy of the most
populated cluster agrees well with the measured binding affinity
for a set of ligands.*

The 130 top-ranked compounds were selected for an in vitro
evaluation of their ability to inhibit DdIB. In 98 of these
compounds, the largest cluster coincided with the lowest energy
cluster, including our hit compound 8 (NSC86005) that was
described in the following section. Compounds 9 and 10 did
not follow this rule; their largest clusters were ranked as ninth
and third according to their lowest docked energies, respectively.

Kovac et al.

These two compounds were later found to have the best
antimicrobial activities.

Three compounds were found to inhibit DdIB with K; values
in the micromolar range. Their structures, K; values, estimated
binding energies, and physicochemical parameters are presented
in Table 1. Two of them were ranked as the first two by our
ranking strategy. Kinetic analysis reveals that compounds 8 and
10 inhibit the enzyme in ATP-competitive mode with K; values
as low as 42 and 11 uM, respectively, whereas compound 9 is
an ATP noncompetitive inhibitor of Ddl with a K; value of 218
uM. To confirm the potential of these compounds for further
development, we evaluated their in vitro antimicrobial activities
(Table 1). The MIC of each compound was determined against
E. coli 1411, E. coli SM1411, and S. aureus 8325-4. E. coli
SM1411 is an AcrAB-deficient derivative of E. coli 1411 that
exhibits increased susceptibility to a range of antimicrobial
agents.*! All three DdIB-inhibitory compounds prevented the
growth of S. aureus 8325-4. Compounds 9 and 10 accomplished
this at concentrations as low as 32 ug/mL. E. coli 1411 growth
was inhibited by only one compound, 10 with an MIC of 32
ug/mL. Compounds 9 and 10 also prevented growth of E. coli
SM1411 with MICs of 64 and 8 ug/mL, respectively. An
increase in antimicrobial activity against E. coli SM1411
compared with that against E. coli 1411 indicates that these
two compounds may be eliminated from wild-type bacteria
through their efflux systems. Very weak antimicrobial activity
of compound 8 on S. aureus 8325-4 and no antimicrobial activity
on E. coli strains could be explained by the low permeability
(log P = 0.6) and high polar surface area (PSA = 204 A?) for
this compound (Table 1). Namely, polar surface area should be
below 120 A% to allow a molecule to permeate the cell
membrane.*?

Compound 8 is an ATP-competitive inhibitor of DdIB with
a Kj value of 42 uM. Structurally, it is a nogalamycin derivative
(Table 1) that belongs to the class of anthracycline antibiotics.**
Anthracycline antibiotics have limited antibacterial use in
humans because of their toxicity but have found some applica-
tions as antitumor agents.** The polar nature of 8, which is
probably detrimental to its performance in microbiological
testing, allows the formation of hydrogen bonds with many
active site residues, namely, with Lys97, Ser150, Serl51,
Glul87, Tyr210, Tyr216, Arg255, Glu270, Ser281, and Leu282.
The anthraquinone ring also forms some hydrophobic interac-
tions with the alanine-binding hydrophobic pocket (Figure 3b).

Compound 9 has >90% structural similarity to antimalarial
drugs of the aminoalkylphenole type and to the 9-anilinoacridine
anticancer agents.*>*® It has been placed among the best-ranked
compounds in several virtual screening tests with anticancer or
antiviral targets.*”* It is a promising hit compound for further
discovery of DdI inhibitors because it has a K; of 218 uM and
has antimicrobiological activity against both E. coli SM1411
and S. aureus 8325-4 with MICs of 64 and 32 ug/mL,
respectively. The representative docked conformation from the
most populated cluster is shown in Figure 3c. The acridine
moiety occupies the binding site of both alanines, whereas the
piperazine ring is directed into the ATP binding site where it is
positioned in the place of ribose, albeit without prominent
bonding to Glul87. Tyr216 is predicted to donate a hydrogen
bond to the acridine nitrogen atom and Lys97 accepts one from
the phenolic OH, whereas Glu270 and Asn272 can both form
hydrogen bonds with the exocyclic amino group. The chlo-
rophenyl part of the acridine ring is bound to the D-alanine
hydrophobic pocket.
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Compound 10 is an analogue of ellipticine, an anticancer
agent that acts as an inhibitor of topoisomerase II, DNA chelator,
and a multidrug resistance inhibitor.’® Compound 10 is an ATP-
competitive inhibitor of Ddl with a K; of 11 uM. It showed
very promising activity in the microbiological evaluation with
MICs against E. coli SM1411 and S. aureus 8325-4 of 8 and
32 ug/mL, respectively. The representative docked conformation
from the most populated cluster is presented in Figure 3d. The
docked structure of this molecule is mostly positioned in the
substrate binding site. The indole ring of the pyridocarba-
zole scaffold lies in the alanine-binding hydrophobic pocket.
The oxygen of the methoxy group can accept hydrogen bonds
from Ser281 and the backbone NH of Leu282. The inhibitor’s
amino group can donate two H bonds to Glul5 and Glu68.

Conclusions

We have conducted a virtual ligand screening of compounds
from the NCI database to identify novel inhibitors of DdIB
ligase, an essential enzyme involved in peptidoglycan synthesis.
This is the first time AutoDock 4.0 and the NCI diversity set
have been used in the discovery of potential antibacterial agents.
We tested 130 of the best-ranked compounds and obtained three
hits with novel scaffolds. Hit compounds 8 and 10 are ATP-
competitive inhibitors with Kj values in the low micromolar
range, and compound 9 inhibits the enzyme in a noncompetitive
manner. Hits 9 and 10 also possess antibacterial activity and
are therefore promising starting points for further optimization.
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